Introduction
[2] Increasing pollutant emissions from Asia are impacting the atmospheric environment of the Asian Pacific Rim. Some recent studies show that the impact of Asian pollution can alter the Earth's climate on a regional scale [e.g., Menon et al., 2002 ; United Nations Environment Programme and Centre for Clouds, Chemistry and Climate, 2002] . The PEACE mission focused on understanding chemical processes and transport of continental outflow from Asia over the western Pacific [Parrish et al., 2004] . These goals cannot be achieved without knowledge of pollutant inflow from the upwind Eurasian region, and pollutant emissions and distributions within inland China. During the PEACE phase A period, in which G-2 aircraft flew over the east Asian coast and western Pacific, we performed simultaneous ozonesonde measurements of tropospheric O 3 profiles over two sites in mainland China and a site in Hong Kong. The goals were to explore possible O 3 transport from upwind Eurasia, identify the source of tropo-spheric O 3 over the Chinese mainland, and estimate O 3 outflow to the Pacific.
[3] The vertical distribution of O 3 in the troposphere depends on a complex interaction of O 3 exchange between the stratosphere and the troposphere, in situ photochemical O 3 formation and destruction processes, and O 3 deposition to the underlying surface. The residual tropospheric O 3 column (TOC) derived from the Total Ozone Mapping Spectrometer (TOMS) has a general minimum in the winter over the Northern Hemisphere [Fishman and Brackett, 1997] . However, satellite data over east Asia show a minimum TOC in summer [Sunwoo et al., 1992] . This is somewhat different from results revealed by ozonesonde measurement in Hong Kong, which show a comparable TOC throughout summer to early winter (June -December) [Chan et al., 1998; Leung et al., 2004] . In Taiwan, TOC shows an obvious maximum in spring and a minimum in winter [Liu and Chang, 2001] . The TOC varies substantially in summer. However, ground-based measurements in regional background sites in east Asia, including Japan [e.g., Sunwoo et al., 1994; Kajii et al., 1998; Pocharnart et al., 1999] , mainland China [Luo et al., 2000; Wang et al., 2001] and Hong Kong [Lam et al., 2001 ; C. Y. , revealed that wintertime surface O 3 in east Asia is quite high compared with that in summertime.
[4] The seasonal characteristics of tropospheric O 3 production and mixing ratios over east Asia have been investigated by a global chemical transport model [Mauzerall et al., 2000] . The results suggested that maximum O 3 production in winter occurred between 20 and 30°N over east Asia. Tanimoto et al. [2002] reported that transport of O 3 plays a key role throughout the year in the BL over the Rishiri region of Japan. A recent modeling study suggested that the supply and loss of BL O 3 in east Asia in winter is dominated by photochemistry [Zhang et al., 2002] . Ma et al. [2002] reported that O 3 is produced in the winter (January) at a rate of À0.1 to 0.4 ppbv per day in the free tropospheric air and 0.0 to 1.0 ppbv per day in the mixed air over a remote inland mountain site at Waliguan Observatory, Qinghai province, China. In this paper, we present ozonesonde data observed at two stations in mainland China and a station in Hong Kong. The objectives are to investigate the characteristics of wintertime tropospheric O 3 profiles and to explore the origin of tropospheric O 3 over the Chinese mainland and western Pacific.
Experiment and Method

Ozonesonde Launching
[5] The three ozonesonde launching sites were located in subtropical southeast China at Hong Kong (114.17°E, 22.31°N), in midlatitude northeast China at Beijing (116.47°E, 39.81°N), and in northwest China at Xining (101.45°E, 36.43°), Qinghai Province (Figure 1) . The site at Hong Kong is located in an urban area at 66 m above mean sea level (ASL). The launching site at Xining is situated in a rural area 15 km from the urban centre of Xining, at an altitude of 2296 m ASL. The site at Beijing is located in a rural area of southern Beijing, about 20 km from the perimeter of Beijing city at an altitude of 31 m ASL. The 2002 experiment was carried out from 7 to 23 January at Hong Kong, 8 to 30 January at Xining, and 10 to 23 January at Beijing. There were altogether 9, 8 and 10 ozonesondes launched in Hong Kong, Xining and Beijing, respectively. The launchings were performed from 1300 to 1400 LST (0500 to 0600 UT). [6] Tropospheric O 3 profiles were measured by in situ electrochemical concentration cell (ECC) ozonesondes (Model 6a, Vaisala and Model 2Z, Environmental Science Corporation, EnSci) that were coupled with standard radiosondes (RS80-15GE, Vaisala) operated by a Vaisala DigiCora MW 15 and an EnSci portable ozonesonde receiving system. A more detailed description of the launching site at Hong Kong and Xining as well as measurement methodology and quality control procedures for each ozonesonde is given by Chan et al. [2003a] . The O 3 data measured by ozonesondes have precisions ranging from ±3 to 12% in the troposphere. The corresponding accuracies for individual ozonesonde soundings are ±6% near the ground, and 7 to 17% in the high troposphere, where O 3 mixing ratios are low [Komhyr et al., 1995] . The integrated total column O 3 from the ozonesonde compares well with that measured by Dobson spectrophotometer with an average ratio of 1.04 ± 0.05 between the former and the latter .
Backward Air Trajectory and Potential Vorticity Analysis
[7] The isentropic backward air trajectories and potential vorticity (PV) used in this study were calculated from a model developed by Eliassen [1987] and Murayama et al. [1998] using the National Centers of Environmental Prediction (NCEP) data as input. The data had a time resolution of 6 hours, horizontal resolution of 1 degree and vertical resolution of 27 layers with an interval of 50 hPa from 900 hPa to 100 hPa. In the trajectory model, an air parcel is determined to move along the transport paths of hypothetical air parcels starting at any selected isobaric surface every 6 hours. In the calculation, 1331 (11 Â 11 Â 11) air parcels were initially assigned to a small region with a range of ±0.5°i n longitude and in latitude at a selected level over Hong Kong, Beijing and Xining. The backward air trajectories are believed to give a reasonable representation of large-scale circulation motion. They can be used to examine a potential source region of pollutants, although the exact origin of a specific air parcel cannot be determined. In the PV computation, all the meteorological elements including horizontal wind (u, v) and temperature were interpolated into standard pressure levels with a vertical resolution of about 500 m.
Results and Discussion
Tropospheric Ozone Column
[8] Table 1 summarizes the ozonesonde launches at the three sites during the PEACE-A period in terms of the thermal tropopause height and BL height, TOC and the contribution of TOC to total column O 3 . The thermal tropopause heights and BL heights were determined from the temperature profile measured by the accompanying radiosonde, while the TOC and total column O 3 were calculated from the ozonesonde O 3 mixing ratio profile using the method described by McPeters et al. [1997] . The tropopause height over Hong Kong ranged from 16.0 to 18.6 km with an average and a standard deviation (same as below) of 17.5 ± 0.8 km. Compared to those over Hong Kong, the tropopause heights over Beijing and Xining were much lower ranging from 8.7 to 11.6 km ASL (10.6 ± 1.0 km) and from 7.7 to 10.1 km (8.6 ± 0.8 km), respectively. The BL height ranged from 0.6 to 2.6 km over Hong Kong, 0.4 to 2.6 km over Beijing and 0.2 to 3.4 km over Xining. The respective average values were 1.8 ± 0.7 km 1.5 ± 0.8 km and 1.4 ± 1.0 km above ground surface.
[9] The TOC over Hong Kong ranged from 34 to 47 DU with an average of 39 ± 4 DU. These values accounted for 14-20% and 17 ± 2% of the total column O 3 . The TOC over Xining ranged from 22 to 43 DU (an average of 30 ± 6 DU), which accounted for 8 -13% (10 ± 1%) of the total O 3 column, while the TOC over Beijing (21 -28 DU; average of 23 ± 6 DU) accounted for 6 -10% (7 ± 1%) of the total column O 3 . The TOCs measured over Hong Kong during the PEACE-A period are comparable to the climatological monthly value for January from 1994 to 2002 (42 ± 7 DU). They are also close to the values observed in January from 1994 to 1999 over Taipei (25°N, 121.3°E) [Liu and Chang, 2001 ]. The TOCs measured over Xining during PEACE-A were in the lower half of the range reported for summer months. Zheng [2000] reported that the TOC from the surface to 100 hPa altitude over Xining in the summer of 1996 ranged from 20 to 60 DU. The lower TOC over Beijing and Xining than over Hong Kong is due to the fact that the tropospheric columns over Beijing and Xining were shallower as they are situated at high latitudes. Xining is located on the high-altitude Tibetan Plateau at comparable latitude with Beijing. A relatively lower TOC has been observed over high-altitude regions around the world when compared with those in similar latitude regions [e.g., Zhou et al., 1995; Zou, 1996; Fishman and Brackett, 1997] . However, in this study, the TOC over Xining was higher than that over Beijing as was the percentage contribution of TOC to the total column O 3 . This suggests that there were other possible causes leading to the low TOC over Beijing.
Characteristics of Tropospheric Ozone Profiles and Distributions
[10] There are substantial differences in the characteristics of the vertical O 3 distribution in the troposphere among the three sites. Figure 2 shows the respective time-height cross sections of O 3 mixing ratios. Also included in this figure are 16.0 -9.4 0.6 -0.3 39 -28 16 -9 10 Jan.
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Average 17.5 10.6 8.6 1.8 1. the surfaces with potential vorticity units (PVU) equal to 2, which are commonly referred to as a dynamical definition of tropopause in the middle latitudes [Holton et al., 1995; Folkins and Appenzeller, 1996; Kim et al., 2002] . Figure 3 shows the average profiles of O 3 mixing ratios, RH and temperature in the troposphere over Hong Kong, Beijing and Xining for the PEACE-A period. We note that the Xining altitude profiles show sea level at 0 km, whereas the local surface begins at 2.3 km. The average O 3 profiles and distributions over Beijing and Xining shared a similar pattern, with low O 3 mixing ratios of less than 45 ppbv in the BL and moderate O 3 levels in the 40 -60 ppbv range in the middle troposphere. In the upper troposphere, O 3 mixing ratios showed a sharp increase up to the tropopause. The average O 3 levels over Beijing had values less than 5 ppbv below 1.0 km before picking up a sharp increase from around 10 ppbv at 1.2 km to $40 ppbv at 3.0 km, from where it showed a small increase to $50 ppbv at 8.0 km. Ozone profiles over Xining increased from the BL to around 9.5 km before a much sharper increase at the higher altitudes.
[11] Ozone mixing ratios over Hong Kong had a more complex profile and distribution compared to that of Beijing and Xining. A much higher O 3 mixing ratio was found in the BL. Ozone usually had a mixing ratio of less than 50 ppbv below 5 km from 7 to 16 January and below 2.5 km from 16 to 23 January (Figure 2 ). It had a local maximum from 7 to 11 January in the BL, with the mixing ratio reaching 100 ppbv. The average O 3 profile had a prominent local O 3 peak with a maximum mixing ratio of 55 ppbv in the midBL around 1.2 km (Figure 3 ). The O 3 mixing ratio increased steadily from $40 ppbv at 2.0 km to around 60 ppbv at 10 km. Ozone had a mixing ratio of 50-70 ppbv between 5 and 12 km from 7 to 14 January, and 40 -100 ppbv between 5 and 14 km from 14 to 23 January. It had a local peak from 13 to 21 January in the middle and upper troposphere (6.6 -12 km) with maximum O 3 mixing ratios greater than 100 ppbv. It also showed a relative minimum centered at 10 -13 km before a steady increase to the tropopause. Figure 3a also shows the monthly mean O 3 profile in Hong Kong for January averaged from 1994 to 2002 for comparison. We note that the general features of the average O 3 profile at Hong Kong for PEACE-A were similar, with an exception in the BL, to those displayed by the longterm average profile. This shows that the measurements during the PEACE-A period may reflect the typical situation in January.
[12] The wintertime O 3 profiles over Beijing and Xining look quite similar to those over midlatitude coastal east Asia at Sapporo (43.1°N, 141.3°E) and Tsukuba (36.1°N, 140.1°E) in Japan, and midlatitude coastal west United States at Trinidad Head (40.8°N, 124.2°N), California, the United States. In particular, O 3 in winter (DecemberFebruary) in these Japanese and U.S. stations shows quite steady mixing ratios of 40-60 ppbv in the free troposphere and sharp increases in the upper troposphere at around 9 -11 km [Oltmans et al., 2004] , similar to those over Beijing and Xining (Figure 3 ). However, we noted that O 3 in the lower troposphere and BL of Beijing is considerably lower than those (25 -50 ppbv) at Sapporo, Tsukuba and Trinidad Head. The O 3 profiles over Beijing and Xining are also much different from that in tropical Asia at the Malaysia Peninsula, where wintertime O 3 shows substantial variations throughout the troposphere [Yonemura et al., 2002] . 3.2.1. Origin and Source of Ozone in the Boundary Layer
[13] As discussed above, O 3 in the BL over Beijing and Xining showed very low mixing ratios for most of January 2002 (Figure 3) . In particular over Beijing, O 3 mixing ratios dropped to very low values in most profiles (not shown). This is reasonable as winter, especially in high latitudes, is not a season with favorable meteorological conditions for photochemical O 3 production. During PEACE-A, the weather in northern China was usually cloudy, with limited sunshine and quite cold. The average temperature during the launching period (1300-1400 LST), which can be considered close to the average daily maximum temperature as Figure 3c is the altitude of the local surface.
revealed by radiosonde temperature profiles was below 5°C over Beijing and À5°C over Xining (Figure 3) . Again, we note that the altitude of the Xining site is 2.3 km above sea level, and that 0 km represents sea level in Figure 3 . At such low solar radiation and temperatures, photochemical production of O 3 was limited. Thus it is more likely higher O 3 in Hong Kong than in Beijing/Xining is driven by more availability of solar radiation owing to the low latitude of Hong Kong. The higher O 3 in Hong Kong than that in Xining is also likely due to higher latitudinal O 3 production tendency as a result of higher available solar radiation. This is consistent with the model results reported by Mauzerall et al. [2000] that net O 3 production tendency is positive in low latitude in Asia while negative in higher-latitude zones.
[14] However, the nearly zero O 3 levels in the BL especially over Beijing suggest that there were additional causes of O 3 depletion. This low regional O 3 is most probably due to chemical titration of O 3 by freshly emitted nitrogen oxide (NO) from vehicular exhaust and, to a lesser extent, dry deposition of O 3 to the underlying surface. There are over 2 million vehicles in Beijing city [Zhao and Gallagher, 2003] . The large amount of NO emitted from these vehicles is believed to be the major cause of the low O 3 observed in Beijing. Zheng et al. [2002] reported that surface NO concentrations at an urban site in Beijing usually reached over 100 ppb in the daytime and can reach over 700 ppb. The number of vehicles in Xining (less than 0.1 million) and Hong Kong (around 0.5 million) [L. Y. are much lower, and thus the titration of O 3 at these two sites was less noticeable. Hence the O 3 mixing ratios were higher in the BL over Xining and Hong Kong. Such chemical titration of O 3 by NO has also been observed by ozonesonde and ground-based measurements in many cities including Hong Kong and Calgary, Canada, for examples [Angle and Sandhu, 1988; Chan et al., 1998; Yeung et al., 1996] .
[15] We observed enhanced O 3 layers in the BL in early January over Hong Kong (Figures 2 and 3 ). For example, Figure 4 shows the vertical profiles of O 3 mixing ratio, RH, potential temperature (PT) and wind direction below 6 km for 7, 9, and 11 January 2002 over Hong Kong. The O 3 mixing ratio was greater than 70 ppbv close to the surface on 7 January. It increased sharply to reach a local peak of 90 ppbv at 0.9 km before climbing to a maximum of 111 ppbv at 1.5 km. The O 3 enhancement was much less noticeable by 9 January, with O 3 mixing ratios of 45-62 ppbv below 2.0 km. On 11 January, O 3 mixing ratios reached a peak of 80 ppbv at 1.7 km. Similarly to 7 January, the O 3 mixing ratio began to drop until above a temperature inversion located at around 2.0 km, which defined the top of the BL. The elevated O 3 was usually accompanied by moderate to high RH. There were noticeable temperature inversions at 0.6 -0.7 km, especially on 9 and 11 January (Figure 4) , and there were obvious decreases in RH and changes in temperature in the elevated O 3 layer, especially on 11 January. Notably, there was a change in wind direction from the east to northeast on 7 and 9 January to the north to northwest on 11 January in the Figure 4 . Vertical profiles of ozone mixing ratios (ppbv) (solid line), relative humidity (%) (dash-dotted line), potential temperature (K) (dashed line), and wind direction (degrees) (triangles) over Hong Kong on 7, 9, and 11 January 2002. Figure 4 , left panel).
[16] The enhanced O 3 measured by ozonesondes in this study was situated at a lower altitude when compared with that typically found in springtime over the lower troposphere at 2.5-6 km over Hong Kong [Chan et al., , 2003b . The east Asian region in this period was under the influence of a weak to moderate high-pressure system that moved in a southeasterly direction from northwestern Asia on 7 January to over the central-eastern China coast on 9 and 11 January. The system resulted in a continental airflow from the high latitudes of northwestern China to southeastern China, with accompanying sunny and dry weather in the region (Table 2 ). There was also a stagnant atmosphere with a daily mean wind speed around 5 km/h (1.4 m/s) in Hong Kong on 7 and 11 January (Table 2 ). Figure 5 shows the backward air trajectories of the air masses reaching Hong Kong at 850 and 960 hPa altitudes on 7, 9, and 11 January. The trajectories at 960 hPa ($0.5 km) (Figure 5a ) originated from high latitudes of northwest China. They traveled in a southeastern direction before turning into a northeastern direction over the central eastern or southeastern China coast 1 -3 days before reaching Hong Kong.
[17] C. Y. reported that air masses associated with these types of trajectories had surface O 3 concentrations of 40-50 ppb, comparable to those measured by the ozonesondes in this study. The O 3 -rich air masses at 850 hPa ($1.5 km) on 7 and 9 January also originated from northwestern China. They however traveled more directly in a southeastern direction across central and south China before reaching Hong Kong (Figure 5b) . On 11 January, the air mass had originated from southwest China and had traveled over the Guangxi Province prior to passing over the industrialized Pearl River Delta (PRD) of the Guangdong Province the day before reaching Hong Kong. The transport of O 3 from the heavily polluted PRD has been identified as an important cause of surface O 3 episodes in Hong Kong Wang et al., 2003] . The surface wind records showed that there was a change of wind (from the west) on 11 January (Table 2) . Judging from the regional meteorological conditions, we We noted that there were substantial changes in O 3 mixing ratios in the middle and upper troposphere over Hong Kong, with a local minimum at the beginning and the end of the experiment period, and a local maximum centered on 17 January. Figures 6a -6b shows the vertical profiles of O 3 mixing ratios, RH and temperature over Hong Kong from 11 to 23 January. The O 3 mixing ratio started to increase on 13 January and reached its maximum on 17 January with an enhanced layer at 8 -12 km. A maximum O 3 mixing ratio of 98 ppbv was found at 11 km on 17 January. The O 3 mixing ratio in the layer noticeably decreased by 19 January and the O 3 mixing ratio reached a minimum toward the end of the period. The O 3 in the enhanced layer was isolated from the O 3 above it by an O 3 decrease between 12 and 13 km. The enhanced O 3 was accompanied by very low specific humidity (<0.1 g/kg) and PV (0.4 PVU) (not shown). Whereas the low specific humidity suggests that the O 3 -rich air masses might have originated from the stratosphere, the accompanying low PV tends to suggest that intrusion of O 3 from the stratosphere over Hong Kong was not the source of O 3 in the enhanced layer.
[19] The O 3 -enhanced air masses were accompanied by a westerly wind (not shown). Backward air trajectories suggest that the O 3 -rich air masses had originated over eastern Africa and the southern Arabian Peninsula, then traveled over the Arabian Sea in their early journey before passing over central India. The air masses then traveled over the Bay of Bengal and the northern Indochina Peninsula before reaching south China and Hong Kong (Figure 7) . The air masses, especially at 375 hPa and 1 -2 days before reaching Hong Kong, had undergone noticeable downward motion. Enhanced CO mixing ratios were observed over eastern Africa, the southern Arabian Peninsula, the Indian Peninsula and the SE Asian subcontinent, especially at 850 and 700 hPa altitudes by the Measurements of Pollution in the Troposphere (MOPITT) instrument on board of a satellite (www.eos.ucar.edu/mopitt) and to a much lesser extent at 500 hPa. An analysis of outgoing longwave radiation (OLR) (www.cdc.noaa/gov/ cdc/data.interp_OLR.html) suggests that there was enhanced OLR and thus suppressed convective activity in these regions. These conditions were unfavorable for transport of pollutants vertically to higher altitudes where they could be transported horizontally to south China and Hong Kong by westerly winds. We thus believe that the O 3 enhancements were not the result of transport of photochemical O 3 produced from emission sources that caused the elevated CO in the SE Asian and Indian regions.
[20] Figure 8 shows the distributions of PV, wind vectors and pressure vertical velocity over Asia on 15 January 2002. Noticeably, there was a sharp PV gradient along the subtropical jet stream around 20°-30°N latitude, which is the location where active stratospheric-tropospheric exchange of O 3 occurs [Shapiro et al., 1982; Uccellini et al., 1985] . Chan et al. [2003a] showed that the active stratospheric-tropospheric exchange of O 3 associated with tropopause folding at the subtropical jet stream is the cause of tropospheric O 3 enhancements over middle latitudes of central-eastern China. There was also substantial subsidence over the Indo-Burmese region of SE Asia where O 3 -rich air masses had passed over. These suggest that the enhanced O 3 observed over the middle and upper troposphere of Hong Kong between 13 and 21 January was due to intrusion of stratospheric O 3 in the high altitudes of Indo-Burmese region of SE Asia.
[21] We also observed relatively low O 3 over Hong Kong in the middle and upper troposphere at around 8 -13 km from 9 to 12 January and from 17 to 23 January (Figure 2 ). The lowest O 3 mixing ratio reached 40-50 ppbv and 30-40 ppbv, respectively. The vertical profiles (Figures 6a -6b) showed that the depleted O 3 layer was located between 10.5 and 14 km on 9 January and 10 and 13 km on 11 January. Within these layers, the O 3 mixing ratio usually showed relatively lower values than at intermediate altitudes. The depleted layers, especially on 23 January, were lower than 10 km in altitude with a local O 3 minimum located between 8.3 and 10.6 km. Chan et al. [1998] and Newell et al. [1997] associated these low-O 3 events with the transport of O 3 -depleted air from the tropical SE Asian region following the east Asia local Hadley circulation. The backward air trajectories (Figure 9 ) suggest that the O 3 -depleted air CHAN ET AL.: TROPOSPHERIC OZONE OVER CHINA masses originated from the tropical Indonesian region. They flowed over south Asia or SE Asia before reaching south China and Hong Kong. We note that there was substantial upward movement of air masses to the upper troposphere, especially on 21 January over the equatorial Pacific, before noticeable sinking movements over the Indian Peninsula and SE Asian subcontinent 2 -3 days before reaching Hong Kong. The backward air trajectories suggest that the low O 3 was due to the long-range transport of maritime air from the tropical SE Asian region.
[22] Figure 2 shows that O 3 in the upper troposphere above Beijing and Xining during the PEACE-A period followed the propagation of surfaces with PVU = 2 from higher altitudes at the beginning of the period to lower altitudes at the end of the period. Noticeably, there were sharp O 3 gradients from the upper troposphere toward the tropopause over Beijing. An examination of the O 3 mixing ratios, PT and PV profiles in the upper troposphere revealed that there were simultaneous increases in O 3 mixing ratio, PT and PV just below the tropopause. Figure 10 shows selected profiles of O 3 mixing ratios, specific humidity, PT and PV over Xining and Beijing. We note that there was always a sharp increase in O 3 mixing ratios, PT and PV as well as a decrease in specific humidity from around 8 km to the altitudes at which the PVU = 2, the dynamical tropopause. The O 3 , PT and PV enhancements over Beijing were more noticeable than those over Xining.
[23] Also, there were frequent advections of layers of high O 3 mixing ratios from the lower stratosphere to the troposphere over Beijing and Xining, such as the ones displayed in Figure 10 . Such advections of O 3 laminae have been associated with the stratospheric-tropospheric exchange of O 3 through tropopause folding over Japan [Austin and Midgley, 1994] , Korea [Kim et al., 2002] and central-eastern China [Chan et al., 2003a] in the spring. Zheng et al. [2001] also reported an intrusion of stratospheric O 3 through tropopause folding with a similar advection of O 3 layers over Beijing in the summer of 1999. The simultaneous O 3 , PT and PV increases and the advection of O 3 layers suggest that stratospheric O 3 was an important source of O 3 in the upper troposphere over Beijing and Xining during the PEACE-A period. Previous studies have also suggested that diffusion processes associated with jet streams following tropopause folding also lead to transport of stratospheric O 3 to the troposphere [Austin and Midgley, 1994; Tsutsumi and Makino, 1995] . Figure 11 shows the pressure vertical velocity for east Asia at 300 and 500 hPa averaged over the PEACE-A period. This figure together with case-by-case analysis suggested that there was persistent subsidence and high PV over north China, especially its northeastern part including the Beijing and Xining regions, which were located poleward of the jet entrance region. Such subsidence and high PV may imply there were frequent occurrences of tropopause folding or intrusion events and hence the vertical transport of stratospheric O 3 to lower altitudes of the troposphere. Superimposed on the pressure vertical velocity in Figure 11 are wind vectors. Judging from the wind fields, the stratospheric O 3 transported into the troposphere was further transported to the downwind regions of the east Asian coast and northwestern Pacific. This ''natural'' O 3 is thus an important source of O 3 in these downwind regions.
Conclusions
[24] Our measurements during the PEACE-A period reveal complex O 3 distributions in the troposphere over subtropical and midlatitude China, although the measurements covered only a short period of time. Ozone levels in the lower troposphere and BL over Xining and especially Beijing had low values, suggesting that there is negligible O 3 formation at midlatitudes of China during the winter. The overall low TOC over Beijing is caused by additional loss of O 3 in the BL and lower troposphere, which is probably related to the chemical titration of O 3 by freshly emitted NO from the large number of vehicles. Such hypothesis however has to be further tested with measurement data or chemical modeling. We observed elevated O 3 layers in the upper BL over Hong Kong, due to transport of pollutants from northeast-central or southwest and regional O 3 formation and accumulation in south China including the PRD and Hong Kong. The results also revealed frequent propagation of enhanced O 3 layers from the lower stratosphere to the upper troposphere over Xining and especially Beijing. This stratospheric O 3 is an important source of O 3 in the upper troposphere of northern China as well as the east Asian coast and northwestern Pacific. We also observed O 3 enhancements in the middle and upper troposphere over Hong Kong in air masses transported along the subtropical jet stream from tropical and subtropical East Africa, south Asia, SE Asia and south China. Our analysis suggested that these enhancements were due to intrusion of stratospheric O 3 from the Indo-Burmese region of SE Asia, where subsiding downward motion was observed. This study showed that stratospheric O 3 is an important source for wintertime tropospheric O 3 in northern China and in the upper troposphere in southeast China while photochemical O 3 is responsible for the elevated O 3 observed in the BL of southeast China. 
